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1 | INTRODUCTION

Although symptoms of autism spectrum disorder (ASD)
emerge early in postnatal life (Pierce et al., 2011) and can
be reliably identified during the second year of life (Corsello
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Abstract

Intracortical myelin is thought to play a significant role in the development of neu-
ral circuits and functional networks, with consistent evidence of atypical network
connectivity in children with autism spectrum disorder (ASD). However, little is
known about the development of intracortical myelin in the first years of life in ASD,
during the critical neurodevelopmental period when autism symptoms first emerge.
Using T1-weighted (T1w) and T2w structural magnetic resonance imaging (MRI) in
21 young children with ASD and 16 typically developing (TD) children, ages 1.5—
5.5 years, we demonstrate the feasibility of estimating intracortical myelin in vivo
using the T1w/T2w ratio as a proxy. The resultant T1w/T2w maps were largely com-
parable with those reported in prior T1w/T2w studies in TD children and adults, and
revealed no group differences between TD children and those with ASD. However,
differential associations between T1w/T2w and age were identified in several early
myelinated regions (e.g., visual, posterior cingulate, precuneus cortices) in the ASD
and TD groups, with age-related increase in estimated myelin content across the tod-
dler and preschool years detected in TD children, but not in children with ASD. The
atypical age-related effects in intracortical myelin, suggesting a disrupted myelina-
tion in the first years of life in ASD, may be related to the aberrant brain network con-
nectivity reported in young children with ASD in some of the same cortical regions
and circuits.
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et al., 2013; Ozonoff et al., 2008, 2015; Pierce et al., 2019;
Sacrey et al., 2018), most children with ASD are not diag-
nosed until they are 4-5 years old (Maenner et al., 2020), in
large part due to the lack of clinically meaningful biomark-
ers. The implications of delayed identification are significant,
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given the positive impact of early interventions on both behav-
ior and the developing brain (Dawson et al., 2012; Estes et al.,
2015; Landa, 2018). The current consensus on the underlying
neurobiology is that ASD originates prenatally, affecting early
building blocks of brain circuit development and function,
such as protein synthesis and cellular metabolism, with cas-
cading effects on neuronal proliferation and migration, synap-
togenesis and synaptic signaling, myelination, and network
formation (Courchesne et al., 2019; Gordon & Geschwind,
2020). However, the current understanding of these funda-
mental neurodevelopmental processes (e.g., synaptic pruning
(Spear, 2013) or myelination (Abraham et al., 2010; Chap-
man & Hill, 2020) is limited by the scarcity of brain imaging
studies in young children with ASD (before 4-5 years of age).
This is in part due to the known practical and methodological
challenges of acquiring high-quality imaging data early in life
(Turesky et al., 2021).

Although much of the developmental neurobiology of ASD
remains unknown, a few consistent findings have emerged
from the relatively limited but growing number of MRI stud-
ies in infants and toddlers at risk for, or with first symptoms
of autism, including prospective studies of infant siblings
of older children with ASD. The most consistently reported
finding to date is enlargement of brain volume early in life
(Courchesne et al., 2001; Hazlett et al., 2005, 2011; Nor-
dahl et al., 2011). This early brain overgrowth appears to
reflect accelerated growth rate particularly between 1 and 2
years of age (Hazlett et al., 2011), affecting both white and
gray matter volumes (Hazlett et al., 2005), and being possibly
driven by cortical surface area hyper-expansion between 6 and
12 months of age (Hazlett et al., 2017). Additionally, a number
of cross-sectional and longitudinal diffusion-weighted imag-
ing studies have reported increased structural connectivity
(indexed by greater fractional anisotropy [FA]) across multi-
ple white matter tracts (e.g., corpus callosum, cingulum, arcu-
ate fasciculus) in infants and toddlers who either have been or
are later diagnosed with ASD (Conti et al., 2017; Solso et al.,
2016; Wolff et al., 2012; Xiao et al., 2014). The early increase
in structural connectivity—contrasted with broadly reduced
structural connectivity (i.e., lower FA) in older children and
adults with ASD (Travers et al., 2012)—is thought to indicate
an accelerated white matter growth in the first years of life in
ASD, consistent with the aforementioned accelerated trajec-
tory of volumetric growth.

While these findings provide indirect evidence of altered
brain maturation early in life in ASD, our understanding of the
specific neurodevelopmental processes contributing to atypi-
cal early growth and structural connectivity remains limited.
Among such fundamental processes shaping the brain struc-
ture and function is myelination which is essential for effi-
cient neural communication (Liu et al., 2019), as myelinated
axons allow for rapid and reliable propagation of neuronal
signals across the brain. Equally critical for brain maturation
and connectivity is intracortical myelination found predomi-

nately in the deeper cortical layers (Fields, 2014), in part due
to spread of the white matter myelin into the periphery of cor-
tical neuropil (Shaw et al., 2008; Sowell et al., 2004). Intra-
cortical myelination is essential for establishing and maintain-
ing neural circuitry, as it contributes to fine-tuning the tim-
ing and synchrony of neural networks (Haroutunian et al.,
2014). In typical development, the maturational timing of
intracortical myelination, which commences at or near birth
(Arnold & Trojanowski, 1996), follows a general primary-
to-association cortices gradient (Sydnor et al., 2021), with
unimodal primary sensory and motor cortices being highly
myelinated by 1 year of age, and transmodal association areas
in frontal and temporal cortices exhibiting more protracted
myelination, continuing at least through the third decade of
life (Deoni et al., 2015; Grydeland et al., 2019; Rowley et al.,
2017; Shafee et al., 2015). Critically, this maturational princi-
ple parallels the development of brain network connectivity
in healthy development (Chen, Linke, Olson, Ibarra, Kinn-
ear, et al., 2021; Dong et al., 2021; Gao et al., 2015), with
recent evidence suggesting that the timing of functional net-
work maturation and differentiation may be disrupted in tod-
dlers with ASD (Chen, Linke, Olson, Ibarra, Reynolds, et al.,
2021).

Although no neuroimaging techniques allow direct mea-
surement of myelin in the human brain in vivo, advanced
MRI acquisition methods permit estimation of myelin content
through either quantitative imaging, such as voxel-wise map-
ping of longitudinal or transverse relaxation times (Bock et al.,
2013; Geyer et al., 2011), or semiquantitative ratio of T1-
weighted (T1w) and T2w signal intensity (Glasser et al., 2013;
Glasser & Van Essen, 2011). The T1w/T2w ratio has been
shown to successfully map the regional differences in myelin
content (Glasser & Van Essen, 2011) and has been incorpo-
rated in the multimodal minimal preprocessing pipelines for
the Human Connectome Project (Glasser et al., 2013). Inves-
tigating the change in the T1w/T2w-estimated myelin content
over much of the human life span in a large cross-sectional
cohort of neurotypical children and adults between ages 8 and
83 years, Grydeland et al. (2013) reported linear increases in
the T1w/T2w-estimated intracortical myelin content through
the late 30s, followed by about 20 stable years and a gradual
decline from the late 50s. The T1w/T2w ratio has also been
associated with cognitive performance, especially on tasks of
cognitive control (Grydeland et al., 2013; Grydeland et al.,
2016). Thus, the T1w/T2w ratio may be a well-suited MRI-
accessible proxy for investigating the development of intra-
cortical myelin in young children with ASD, which, to our
knowledge, has yet to be evaluated.

To enhance our understanding of early neurodevelopment
in autism, the current study sets out to examine age-related
effects in intracortical myelin in young children with ASD,
compared to typically developing (TD) age-matched peers,
using both Tlw and T2w structural MRI data acquired
during natural nocturnal sleep. Given the lack of previous
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studies using the T1w/T2w ratio in young children with ASD,
we expected to find main effects of diagnosis, but had no a
priori hypotheses regarding the direction of potential effects.

2 | METHODS AND MATERIALS

2.1 | Participants
This study includes data from young children enrolled in the
San Diego State University (SDSU) Toddler MRI Project, an
ongoing longitudinal study of early brain markers of ASD.
Children between the ages of 18 and 42 months with a
diagnosis of ASD (or behavioral concerns consistent with
ASD symptoms) were referred to the study from specialty
autism clinics, state-funded early education and developmen-
tal evaluation programs, local pediatricians, service providers,
and community clinics, and are being followed up through
age 5 years. TD children were recruited from the commu-
nity, including early head start programs, and via print and
social media advertisements. Participants in either group were
screened and excluded for any co-occurring neurological dis-
orders (e.g., cerebral palsy), history of perinatal CNS infec-
tion or gross CNS injury, nonfebrile seizures, and contraindi-
cations for MRI. Participants with known syndromic forms
of ASD (e.g., fragile X or Rett syndrome), as ascertained
from parent report, were also excluded. To limit known risk
factors for developmental delays among children enrolled
in the TD group, TD participants were also screened and
excluded for prematurity (<36 weeks of gestation), family his-
tory (in first-degree relatives) of ASD, intellectual disability,
or other heritable psychiatric or neurological disorders. The
research protocol was approved by the institutional review
boards of SDSU and University of California San Diego, and
the County of San Diego Health and Human Services Agency.
Written informed consent was obtained from the caregivers.
This report includes cross-sectional data from 21 children
with ASD and 16 TD participants, ages 1.5-5 years, for whom
high-quality T1w and T2w anatomical MRI data acquired in
the same session (during natural sleep; see Section 2.3 below
for details) were available. While 32 children with ASD and
23 TD children had completed the full imaging protocol, data
from 11 children with ASD and 7 TD children were excluded
following stringent data quality assessment, as detailed below
in Section 2.4. Participants with ASD and TD children were
matched at the group level on age and gender distribution (see
Table 1 for demographic characteristics of the sample).

2.2 | Diagnostic and developmental
assessment

Upon enrollment, diagnoses of ASD (or clinical best esti-
mate (Ozonoff et al., 2015) in children younger than age

WILEY 122

3 years) were established at a specialty clinic (SDSU Center
for Autism and Developmental Disorders) using standardized
measures in combination with clinical judgment, in accor-
dance with the current recommendations by the American
Academy of Pediatrics and Society for Developmental and
Behavioral Pediatrics (Weitzman & Wegner, 2015). Only par-
ticipants who met diagnostic criteria for ASD, or clinical
best estimate, on the DSM-5 (APA, 2013) were included in
the ASD group. Because diagnostic evaluation is repeated
at follow-up visits in the context of the larger longitudinal
study, only data from children with confirmed diagnosis were
included in the current dataset. The diagnoses were supported
by the Autism Diagnostic Observation Schedule-Second Edi-
tion (Lord et al., 2012) administered by research-reliable clini-
cians, the Social Communication Questionnaire (Lord & Rut-
ter, 2003), or the Autism Diagnostic Interview-Revised (Lord
et al., 1994) administered to caregivers of children 36 months
old and older, and expert clinical judgment (by two senior
authors). Developmental skills were assessed in all TD and
ASD participants with the Mullen Scales of Early Learning
(Mullen, 1995), a clinician-administered standardized assess-
ment of cognitive, language, and motor development. The
Vineland Adaptive Behavior Scales, Second Edition, Survey
Interview (Sparrow et al., 2005), a semistructured interview,
was administered to caregivers to assess the child’s adaptive
development skills demonstrated at home and other settings;
the Vineland scores were utilized to support the diagnostic
and developmental classification, and are not used as vari-
ables of interest in the current analyses. The Social Commu-
nication Questionnaire (Lord & Rutter, 2003), a screener for
ASD, was administered to caregivers of all participants, with
no TD participants exceeding the clinical cut-off score of 15
(all TD scores <10; see Table 1).

2.3 | MRI data acquisition

MRI data were collected during natural nocturnal sleep on
a 3T GE Discovery MR750 MRI scanner, using a Nova
Medical 32-channel head coil. Whole-brain high-resolution
anatomical images were obtained using a fast 3D spoiled
gradient recalled (FSPGR) T1-weighted sequence (voxel
size = 0.8mm>, NEX = 1, TE/TI = min full/1060 ms, flip
angle = 8°, FOV = 25.6 cm, matrix = 320 X 320, receiver
bandwidth 31.25 HZ) and Cube T2-weighted sequence (voxel
size = 0.8mm?>, NEX = 1, TR = 3200 ms, TE = minimum,
FOV = 25.6 cm, matrix = 320 X 320, bandwidth 125htz).
Motion during T1w and T2w scans was corrected in real-time
using three navigator scans and prospective motion correction
(White et al., 2010), and images were bias corrected using the
GE PURE option. Other MRI data, including functional and
diffusion MRI, were also acquired but are not included in this
study.
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TABLE 1 Participant characteristics and demographic information
ASD (n =21) TD (n = 16) ASD vs. TD
Mean + SD (min—-max) Mean + SD (min—-max) th? p-value
Age at scan (months)* 42.7 +12.8 (21-62) 41.8 + 15.4 (20-65) 1(35)=0.19 .85
Gender (M/F) 16/5 9/7 7)) =165 .20
Ethnicity (Hispanic/Non-Hispanic)* 9/10 6/10 27(1) =035 .56
Race (White/Black/More-than-one/Asian)® 16/0/3/1 13/2/0/0 - -
Gestational age (weeks)* 39.1 +£1.9(35-43) 39.6 + 1.2 (37-42) 1(34) = -1.09 .29
Birth weight (grams)” 3276.2 +583.1 3451.6 + 363.0 1(33) = —1.04 .30
(2098-4394) (2863-4082)
Delivery method (Vaginal/C-section) 13/8 13/3 (1) =1.63 .20
Maternal education level (%)
High school or some college credit, but <1 year 38% 6% - -
Associate degree 10% 0 - -
Bachelor’s degree 10% 44% - =
Master’s degree 29% 44% - -
Professional degree (MD, PhD, JD) 14% 6% - -
MSEL Early Learning Composite, Standard Score 75.3 + 17.6 (49-105) 103.1 + 16.1 (80-136) 1(35) = —-4.95 <.001
SCQ Total Score® 14.3 + 9.2 (3-35) 4.7 +2.4 (1-9) 1(33) =4.02 <.001
ADOS-2 Calibrated Severity Score 59+222-9) - - -
Total Brain Volume (cm?) 1099.8 +99.5 1052.5 + 100.9 1(35) = 1.42 .16
(910.0-1282.7) (813.9-1202.3)
Gray/White CNR 2.0+ 0.2 (1.7-2.5) 1.9+0.1 (1.7-2.1) #(35) = 1.50 .14

Abbreviations: ADOS-2, Autism Diagnostic Observation Schedule Second Edition; CNR, contrast-to-noise ratio; F, female; M, male; MSEL, Mullen Scales of Early

Learning; SCQ, Social Communication Questionnaire.

*MRI data were acquired within 3 weeks of the diagnostic and behavioral evaluation.

2Ethnicity data are missing for two ASD subjects.

PRace data are missing for one ASD and one TD subjects.
¢Gestational age data are missing for one ASD subject.
dBirth weight data are missing for two ASD subjects.
¢SCQ data are missing for two ASD subjects.

In preparation for the scan night, and to optimize MRI data
acquisition, a comprehensive habituation protocol was imple-
mented. An individualized scan night sleep strategy (e.g., time
of arrival, approximating home-like sleeping arrangements,
including access to a double MRI bed for co-sleeping fam-
ilies, rocking chair, modular playpen mounted on the MRI
bed resembling a crib, lighting in the MRI suite) was devel-
oped for each child, based on the typical bedtime routines
assessed in advance with an in-house Sleep Habits Question-
naire. To habituate the child to the scanning environment,
the parents were instructed to practice nightly inserting soft
foam child-size earplugs after the child had fallen asleep, and
to play an mp3 file containing the MRI sounds of the scan
sequences employed in the study at progressively louder vol-
umes for a week. On the night of the scan, noise protection
was achieved with MRI compatible headphones (MR Con-
fon) and earplugs. Scanning commenced after approximately
30-50 min of sleep, with the T1w sequence acquired about
15 min into the scanning session and the T2w scan being the

last sequence acquired approximately 40 min after the start of
scanning.

2.4 | MRI data preprocessing and quality
assessment

All structural images were visually inspected for motion-
related and other artifacts. Whole-brain average gray/white
contrast-to-noise ratio (CNR) was calculated for each par-
ticipant’s T1w image (see Table 1). The Human Connec-
tome Project minimal preprocessing structural pipelines (Pre-
FreeSurfer, FreeSurfer, and PostFreeSurfer) were employed
to perform cortical reconstruction and to generate cortical
myelin maps (Glasser et al., 2013). Briefly, the PreFreeSurfer
pipeline was used to correct for gradient nonlinearity distor-
tion, to align the T1w and T2w images with a six degrees of
freedom rigid body transformation, and to correct for intensity
inhomogeneity, including correction for B1-bias and some
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B1l+bias in the T1w and T2 images by estimating the bias
field F from the square root of the product of the T1w and
T2w images after thresholding out nonbrain tissues.

The FreeSurfer pipeline used a modified FreeSurfer’s
(v.5.3.0-HCP) recon-all pipeline (Dale et al., 1999; Fischl,
Sereno, & Dale, 1999; Fischl, Sereno, Tootell, et al., 1999)
to perform brain extraction, automated tissue segmentation,
surface topology correction, and white and pial surface gen-
eration on the distortion- and bias-corrected T1w images in
native volume space derived from the PreFreeSurfer pipeline.
The T2w to Tlw registration was further improved using
FreeSurfer’s BBRegister (Greve & Fischl, 2009).

Surface myelin maps were generated with the Post-
FreeSurfer pipeline, using the methods described in Glasser
and Van Essen (2011) and Glasser et al. (2014). The T1w/T2w
ratio images were obtained by dividing the T1w images by
the aligned T2w images and were sampled at mid-thickness
between the white and pial surfaces as a proxy of intra-
cortical myelin. Residual bias field in the T1w/T2w images
was corrected by modeling the expected low spatial fre-
quency distribution of T1w/T2w intensities across the surface
and subtracting it from the individual T1w/T2w-estimated
myelin maps (Glasser & Van Essen, 2011; Glasser et al.,
2014).

All Tlw and T2w images and FreeSurfer outputs were
examined slice-by-slice by two independent raters to assess
overall image quality and identify any inaccuracies in sur-
face placement. Of the 32 datasets from children with ASD
and 23 datasets from TD children with both T1w and T2w
images available, data from 10 ASD and seven TD chil-
dren were excluded due to major artifacts in the Tlw or
T2w image, such as ghosting and ringing, and/or surface
placement inaccuracies on the FreeSurfer output of the T1w
image. All T1w/T2w-estimated myelin maps were also visu-
ally inspected, and whole brain mean T1w/T2w ratio was cal-
culated for each participant. Data from one child with ASD
with the whole brain mean T1w/T2w ratio greater than two
standard deviations above the group mean was identified as
an outlier and excluded from the analysis. The excluded chil-
dren (n = 18) did not significantly differ from those included
in the study with regard to their age (p = .63), sex distribution
(p = .73), overall developmental skills (p = .33) or, among
children with ASD, autism symptom severity (p = .27).

2.5 | Statistical analysis

2.5.1 | Regions of interest

The average T1w/T2w ratio values were extracted from 34
cortical regions of interest (ROIs) per hemisphere from the
Desikan—Killiany atlas (Desikan et al., 2006). In order to
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reduce the number of comparisons, we focused on the regions
known to undergo rapid myelination in the first years of life
(Deoni et al., 2015). Thus, only ROIs with the T1w/T2w
ratio greater than the average whole-brain T1w/T2w for this
cohort (T1w/T2w ratio >2.2) were selected for subsequent
analyses, resulting in 11 ROIs. These highly myelinated cor-
tical regions included pericalcarine, cuneus, lingual, isthmus
cingulate, transverse temporal, lateral occipital, postcentral,
posterior cingulate, paracentral, precentral, and precuneus
cortices, encompassing the primary somatosensory, motor,
visual, auditory, and posterior parts of the cingulate cortices.
Given the similar rate of myelin development in the left and
right hemisphere reported in a large cohort of 1- to 6-years old
children (Deoni et al., 2015), we averaged between the left and
right homologous ROIs to calculate the mean T1w/T2w ratio
for each ROL

2.5.2 | TI1w/T2w ratio analyses

Linear regression models were used with TI1w/T2w ratio as
the outcome variable and diagnostic group, age, and age by
group interaction as predictors, for each of the selected ROIs.
Sex, gray/white CNR, and total brain volume (TBV) were
included as covariates in all regression models during model
specification state, and retained only if revealed to be sig-
nificant predictors. Gray/white CNR did not differ between
groups (see Table 1) nor accounted for significant variance
(ps > .2) in any of the models; as a result, it was removed
from the final models. Corrections for multiple comparisons
were conducted using Benjamini—Hochberg False Discovery
Rate (FDR) at ¢ < 0.1. Follow-up partial correlations were
calculated between age and T1w/T2w ratio for each group
for those ROIs with significant age by group interactions,
while controlling for covariates revealed to be significant
predictors.

2.5.3 | Correlations with autism symptoms
Associations between estimated myelin content and autism
symptoms (in children with ASD only) were examined with
linear regression models with T1w/T2w ratio as the outcome
variable, and ADOS-2 Calibrated Severity Scores (CSS, an
index of ASD symptom severity, which allows comparisons
across ages and language abilities) as predictor, controlling
for age, sex, and MSEL Early Learning Composite (ELC, a
standard score indexing child’s overall developmental level).
These models were only applied for the ROIs showing signif-
icant diagnostic group, or age by group interaction effects in
the main analysis. Benjamini-Hochberg FDR at g < 0.1 was
used to correct for multiple comparisons.
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Estimated myelin content (T1-weighted [T1w]/T2w ratio) in young children with autism spectrum disorder (ASD) and typically

developing (TD) children. (a) Average T1w/T2w ratio maps in the ASD and TD groups. Group average T1w/T2w ratio projected on the inflated

surface. In all medial surface panels, the medial wall is masked. The color palette reflects T1w/T2w ratio percentile rank indexing lightly myelinated

cortex in purple and more highly myelinated cortex in red. (b and c¢) Estimated myelin content (T1w/T2w ratio, averaged across hemispheres) for the
11 regions of interest (ROIs), in the ASD and TD groups. The 11 ROIs with the highest estimated myelin content (T1w/T2w ratio greater than the
average whole-brain T1w/T2w ratio for the whole cohort) include pericalcarine, cuneus, lingual, isthmus cingulate, transverse temporal, lateral

occipital, postcentral, posterior cingulate, paracentral, precentral, and precuneus cortices. Panel b shows average T1w/T2w ratio per group, and panel

¢ shows distribution of the T1w/T2w values within each group, for each ROI

3 | RESULTS

The resultant T1w/T2w maps for the ASD and TD groups are
shown in Figure 1a. Overall, the T1w/T2w spatial patterns and
distribution were very similar for children in the ASD and TD
groups, with the motor/somatosensory strip in the central sul-
cus, visual cortex in the occipital lobe, primary auditory areas
in Heschl’s gyrus, and posterior aspects of the cingulate cortex
showing the highest T1w/T2w values. Regions with the low-
est myelination included the temporal pole, medial prefrontal
cortex, and the anterior cingulate cortex. These patterns are

highly consistent with those reported in adults (Glasser & Van
Essen, 2011) and in typically developing young children in
the same age range (obtained with a different myelin mapping
method; Deoni et al., 2015).

3.1 | Group comparisons and age-related
effects on T1w/T2w ratio

Results of the regression analyses revealed no significant
group differences (ASD vs. TD) in the average T1w/T2w ratio
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FIGURE 2 Correlations between estimated myelin content and age in the autism spectrum disorder (ASD) and typically developing (TD)

groups. Scatterplots of correlations between T1w/T2w ratio and age, in seven out of 11 regions of interest (ROIs) where significant age by diagnostic

group interaction effects were detected. r-Values denote bivariate (zero-order) correlation coefficients for the ASD and TD groups, with significant

within-group correlations indicated in bold font. Bivariate correlations are presented because covariates (sex, contrast-to-noise ratio [CNR], and total

brain volume [TBV]) did not account for significant variance in these models

in the selected 11 ROIs (Figure 1b,c). However, significant
age by group interaction effects (¢ < 0.1) was identified in
seven out of the 11 ROISs (including the pericalcarine, cuneus,
lingual, isthmus cingulate, lateral occipital, posterior cingu-
late, and precuneus cortices), with a consistent pattern of pos-
itive associations between T1w/T2w and age in TD children
(correlation coefficients » = [0.32-0.58]) and a general lack
of such relationship with age in the ASD group (correlation
coefficients r = [—0.28 to —0.04]; see scatterplots in Figure 2).
Sex and TBV did not account for significant variance in these
models.

3.2 | Links with autism symptoms

There were no significant associations between estimated
myelin content (T1w/T2w ratio) and autism symptoms
(ADOS-2 CSS) after controlling for age, sex, and overall
developmental skills (Mullen ELC) in the seven ROIs iden-
tified in the main analyses.

3.3 | Post hoc examination of links between
T1w/T2w ratio and other morphometric indices
of cortical maturation

Given the rapid brain volume growth and prominent morpho-
metric changes in the first years of life (Gilmore et al., 2012; Li

et al., 2013; Lyall et al., 2015), we conducted post hoc anal-
yses to explore whether T1w/T2w ratio relates to gray mat-
ter volume in the cortical ROIs showing significant age by
group interaction effects in the main analysis. Linear regres-
sion models with T1w/T2w ratio as the outcome variable, and
diagnostic group, cortical volume, and group by volume inter-
action as predictors, while controlling for age, sex, and TBV
were employed (cortical volumes were automatically calcu-
lated at each FreeSurfer surface vertex during preprocess-
ing and were averaged across all vertices within each ROI).
Corrections for multiple comparisons were conducted using
Benjamini—-Hochberg FDR at g < 0.1.

These analyses revealed significant group by volume inter-
action effects in the cuneus, isthmus cingulate, and precuneus
cortices, after correcting for multiple comparisons (g < 0.1).
Age, sex, and TBV did not account for significant variance
in any of these models. Follow-up correlational analyses
between T1w/T2w and ROI volume in each group revealed
a significant positive association between T1w/T2w and vol-
ume in the cuneus in the TD group (r = 0.74, p < .001), indi-
cating that the two indices of cortical maturation co-vary in
young TD children, while such a relationship was not present
in the ASD group (see Figure 3). Because cortical volume is,
by and large, a product of cortical thickness and surface area,
we conducted an additional exploratory analysis to exam-
ine whether the atypical relationship between cortical myelin
and gray matter volume observed in the ASD group may be
related to atypical cortical thinning or surface area expansion
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(thought to have different genetic origins and distinct develop-
mental trajectories; Wierenga et al., 2014). Follow-up corre-
lational analyses between T1w/T2w and surface area/cortical
thickness conducted for the three ROIs (cuneus, isthmus cin-
gulate, and precuneus) revealed no significant relationships
between T1w/T2w ratio and cortical thickness, in either the
ASD or TD groups. However, positive associations between
T1w/T2w and surface area were identified in all three ROIs
in the TD but not in the ASD group, mirroring the relation-
ship between T1w/T2w and cortical volume in the same ROIs
(Figure 3).

4 | DISCUSSION

To our knowledge, this is the first study to examine intracor-
tical myelin in toddlers and preschoolers with ASD. Our pri-
mary aim was to test the feasibility of using the T1w/T2w
ratio as an estimate of intracortical myelin content in young
children with ASD, and to examine the age-related effects on

T1w/T2w across early childhood in ASD (cross-sectionally),
compared to typical development. We also set out to explore
whether, in children with ASD, estimated intracortical myelin
content in the rapidly myelinated regions was associated with
autism symptoms, and whether it was related to other indices
of cortical maturation. Results revealed that the overall spa-
tial patterns of intracortical myelin distribution estimated with
T1w/T2w in young children with ASD were largely compa-
rable to the patterns observed in the TD group, as well as to
those reported in prior studies in TD children (Deoni et al.,
2015) and adults (Glasser & Van Essen, 2011). Although
direct between-group comparisons revealed no group dif-
ferences in T1w/T2w between TD children and those with
ASD, differential associations with age in the early myelinated
areas, including visual, posterior cingulate, and precuneus
cortices, were observed in the ASD and TD groups. Specif-
ically, a consistent pattern of positive associations between
intracortical myelin in these regions and age was detected in
the TD group (cross-sectionally), indicating an age-related
increase in estimated myelin content across the toddler and
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preschool years. In contrast, such age-related effects were gen-
erally absent in the ASD group. Furthermore, differential rela-
tionships between intracortical myelin and cortical volumes
and surface area in posterior cortices were detected in the
ASD and TD groups, with estimated myelin content posi-
tively associated with volume and surface area in TD children,
whereas such relationship was not present in young children
with ASD. Finally, no significant association between cortical
myelin and symptoms of autism was detected among children
with ASD.

Our finding of aberrant age-related trajectories of estimated
intracortical myelin content in young children with ASD, rel-
ative to TD children, suggests that this fundamental neurode-
velopmental process is altered in the first years of life in
autism. Although no diagnostic group differences (ASD vs.
TD) in intracortical myelin content were detected, significant
group by age interaction effects observed across several pos-
terior cortical regions indicate that the developmental tim-
ing of myelination may be disordered in young children with
ASD, in comparison to TD children who showed expected
age-related increase in intracortical myelination. Across the
human lifespan, intracortical myelination follows an inverted
U-shape trajectory with an initial increase in intracortical
myelin across most of the cortex continuing through at least
the middle of the third decade of life, with the first wave of
maturation in primary sensory and motor cortices followed
by a second wave of maturation in association, limbic, and
insular cortices (Grydeland et al., 2019, 2013; Rowley et al.,
2017; Shafee et al., 2015). Based on our findings, albeit in
a relatively modest size sample, this trajectory appears to be
mis-timed (as assessed with cross-sectional design) in early
childhood in ASD.

Although T1w/T2w had not been previously investigated in
young children with ASD, a recent report (Darki et al., 2021)
described lower T1w/T2w values in 5-month-old infants at
familial risk for ASD in both white and gray matter in broadly
distributed brain regions, compared to infants with no familial
risk. Notably, some of the gray matter regions where signifi-
cant group differences in T1w/T2w were observed in infants at
risk for ASD overlap with the ROIs with significant group by
age interaction effects in our cohort, including the cingulate,
precuneus, and lateral occipital cortices. However, consider-
able methodological differences between the two studies pre-
clude any further inferences (e.g., a volume-based approach
for tissue segmentation, which limits the accuracy of delin-
eation of gray and white matter, and voxel-wise calculation of
T1w/T2w across the cortex, limiting the specification of the
underlying neurobiological processes, used by Darki et al., vs.
a surface-based approach for tissue segmentation and estima-
tion of T1w/T2w at mid-thickness between the white and pial
surfaces used in the current study). Additionally, it is unclear
if these findings are specific to children with ASD given
the lack of subsequent diagnostic confirmation for infants

at familial risk. Nonetheless, considered together with these
results, our findings highlight the developmental significance
of the T1w/T2w ratio as an index of aberrant neurodevelop-
ment characterizing young children with, or at risk for ASD.

Notably, studies using other methodologically related MRI
metrics (also dependent on image intensity variations and
contrast, similarly to T1w/T2w) in ASD have shown blur-
ring of the boundary between cerebral gray and white matter,
where intracortical myelin is predominately found. Andrews
and colleagues (2017) first reported reduced gray-white mat-
ter boundary contrast (GWC) in adults with ASD, consistent
with earlier postmortem histological findings (Avino & Hut-
sler, 2010). The reduced GWC values in adults with ASD were
driven primarily by increased gray matter intensity (GMI)
across the cortical layers at different depths into the corti-
cal sheet. This is pertinent because increased GMI may be
driven by atypical myelination (Sowell et al., 2004) and/or
differences in cytoarchitectural organization (Casanova et al.,
2002). A subsequent study investigating age-related changes
of GWC in youth and young adults with ASD (ages 7-
25 years) found that the most prominent changes in GWC
occur during childhood (Mann et al., 2018), suggesting that
the disrupted GWC in ASD may not be exclusively driven
by atypical gray matter cytoarchitecture (which is largely
set around birth) but rather reflects ongoing, age-dependent
changes in myelination. Finally, a recent longitudinal study
in toddlers with familial risk of ASD reported that atypi-
cally increased GWC in the second year of life (in the con-
text of the normative increase observed at this age in typ-
ical development) was associated with ASD diagnosis and
symptom severity at age 3 years (Godel et al., 2021). Overall,
although the GWC index is not specific to myelin content, its
methodological interdependence with estimated myelin con-
tent (through similar reliance on image intensity variations
and contrast in estimating the gray-white cortical boundary,
where intracortical myelin is predominately found) makes
these findings relevant to the pattern of results observed in
young children with ASD in our study.

Broadly, the early disruption in intracortical myelination
is significant in the context of its effects on the devel-
opment of brain circuits and functional networks, includ-
ing the inhibitory effects of myelin on axon sprouting and
synapse formation and dendritic plasticity (McGee et al.,
2005; Tomassy et al., 2014) thought to help stabilize the archi-
tecture of developing neural networks. The cortical regions
where atypical age-related effects in intracortical myelin were
observed in our cohort encompassed visual cortices (i.e.,
pericalcarine, cuneus, lingual, lateral occipital) and poste-
rior nodes of the Default Mode Network (DMN; Buckner
et al., 2008; Raichle et al., 2001) (i.e., isthmus cingulate,
posterior cingulate, precuneus), with consistent reports of
atypical functional connectivity in those circuits in ASD
(Assaf et al., 2010; Keehn et al., 2013; Wang et al., 2021;
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Yerys et al., 2015). The aberrant brain connectivity and net-
work organization involving visual and DMN networks have
been reported in young children with (or at risk for) ASD in
particular, with atypical connectivity linked to autism symp-
toms or early behavioral signs of ASD (e.g., joint attention or
core autism symptoms; Chen, Linke, Olson, Ibarra, Reynolds,
et al., 2021; Eggebrecht et al., 2017; McKinnon et al., 2019).
Further, the atypical relationships between T1w/T2w ratio
and gray matter volume/surface area in young children with
ASD, compared to TD children, revealed in the post hoc anal-
yses, suggest that the early disruption in intracortical myelina-
tion may be one of several aberrant cortical maturational pro-
cesses underlying the atypical neurodevelopment in the first
years of life in ASD. Namely, we found that, in posterior mid-
line cortices, including posterior cingulate, precuneus, and
cuneus, estimated intracortical myelin content and cortical
volumes/surface area are robustly linked within individuals
in TD children, suggesting effectively concomitant matura-
tion of these indices of neurodevelopment. However, intra-
cortical myelin and cortical volumes/surface area were not
associated in children with ASD, indicating that the two may
be uncoupled in early development in autism. As briefly dis-
cussed in Section 1, early accelerated growth in gray mat-
ter volume, possibly driven by surface area hyper-expansion,
has been consistently reported in young children with ASD
(Hazlett et al., 2017). Our findings expand on this literature by
highlighting an additional aspect of atypical cortical develop-
ment in autism, intracortical myelination, that can inform our
understanding of the neurobiology of the ASD.

4.1 | Limitations and perspectives

While this study reports the first in vivo description of
intracortical myelination in young children with ASD, some
methodological limitations need to be acknowledged. The pri-
mary limitation is that the T1w/T2w ratio is not a direct mea-
sure of intracortical myelin content but rather a proxy that
has been shown to successfully map the myeloarchitectonic
properties in adults and typically developing children. Other
factors can also contribute to the T1w/T2w measure such as
iron content, which affects MRI signal contrast (Fukunaga
et al., 2010), head motion affecting image quality which can
indirectly affect the accurate placement of the cortical sur-
face, as well as maturation of the local white matter (e.g.,
Giedd, 2004). Given the rigorous quality assurance of all
structural images and exclusion of scans with major motion
artifacts or surface placement inaccuracies, and the use of
gray/white CNR as a measure of the overall image quality
(which did not account for significant variance in any of the
analyses), head motion is unlikely to be a major contribu-
tor for the current results. Additionally, although HCP pre-

processing pipeline includes an ad hoc correction method to
minimize the residual B1+ bias in the T1w/T2w maps, this
method works well for localizing cortical areas in individual
scans, but may potentially attenuate individual differences and
reduce sensitivity for detecting cross-participant differences
(Gangzetti et al., 2014). An improved method for B1+ trans-
mit field correction on the T1w/T2w-estimated myelin maps
may be needed in future studies utilizing the T1w/T2w ratio
measure. Other limitations include the relatively modest sam-
ple size limiting our study to an exploratory purpose only and
the use of cross-sectional data to explore age-related effects.
Future studies with larger samples and longitudinal data are
necessary to map the developmental trajectories of intracorti-
cal myelination in the first years of life in ASD.

Critically, while the current study design does not allow
inferences about whether the observed atypical maturational
trajectories of intracortical myelin in young children with
ASD reflect causation (i.e., pertain to the underlying etiol-
ogy) or compensatory effects, these findings are nonethe-
less crucial for translational efforts given the recent evidence
of adaptive myelination, modifiable by environmental expe-
rience (Fields, 2015; Forbes & Gallo, 2017). Specifically,
the prolonged plasticity of intracortical myelin, especially in
transmodal association cortices, provides an extended win-
dow of opportunity for modifications, through early interven-
tions or other critical changes in an individual’s socioemo-
tional, educational, and other environmental experiences, to
promote experience-dependent plasticity early in life in chil-
dren with ASD (e.g., Rosen et al., 2019).
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